INTRODUCTION
The distribution and transport of suspended sediments is a major concern in the study of estuaries and many coastal regions. The amount of suspended matter changes rapidly with fluctuations in tides, winds, and fiver discharge and shows considerable spatial variability. This variability makes shipboard data collection for many monitoring and modeling purposes extremely expensive and logistically complex.
Data obtained from satellites can provide some of the synoptic data needed to study suspended sediments in estuaries. Several researchers have shown that total suspended matter or seston can be correlated with radiance data collected from satellite: for example, Landsat multispectral scanner (MSS) [Klemas et al., 1974; Munday and Alfoldi, 1979 ; Khorram, 1985; Ritchie et al., 1987; Stumpf, 1988a] , the coastal zone color scanner (CZCS) [Tassan and Sturm, 1986] , and the advanced very high resolution radiometer (AVHRR) [Curtin and Legeckis, 1986; Stumpf, 1987] .
For the study of temporal changes in estuarine sediment loads and for the comparison of different estuaries, several problems must be resolved. Comparisons of data collected on different dates require correction for differences in sun angle and atmospheric path radiance, as has been shown by several researchers [Munday and Alfoldi, 1979 Second, an atmospheric correction that can remove haze patterns within a scene should be available [Stumpf, 1988b] .
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In addition, the calibration equation should be derived physically rather than statistically, to permit comparisons with in situ optical measurements and to account for compositional changes. Finally, the equation should be of a sufficiently general form to reduce the amount of recalibration data needed for application to different scenes, sensors, and estuaries. [1987, 1988b] has developed a calibration equation that satisfies the latter points: a physical basis and a potentially general form. We will here examine the procedure for calibrating that equation and its potential for accurately representing the suspended sediment concentrations over a period of several months using AVHRR data collected for Delaware Bay.
Following the work of Munday and Alfoldi [1979], Stumpf

SATELLITE CHARACTERISTICS
The AVHRR is on board the NOAA TIROS-N (Television and Infrared Observation Satellite) platforms, which are polarorbiting and sun-synchronous satellites that have one daytime and one nighttime pass each day. Of the series (designated NOAA 6 through NOAA 11), NOAA 9 and NOAA 10 were operational during the study period. Daytime overpasses occurred about 0745-0830 local standard time for NOAA 10, and about 1400-1500 local standard time for NOAA 9.
Although the morning sun produces less illumination of NOAA 10 scenes, there is generally sufficient illumination during the period from midspring to midsummer to produce acceptable scene quality at mid-latitudes.
The AVHRR has two channels that detect reflected light: channel 1, which detects red light (0.58-0.68 t•m), and channel 2, which detects near-infrared light (0.72-1.0 t•m). The detected spectral bands are comparable to those on the sensors of other satellites, including Landsat and SPOT (The French systeme probatoire d'observation de la Terre), permitting application of the techniques described here to data from these other sources [e.g., Stumpf, 1988b] . The AVHRR also has a radiometric resolution and dynamic range favorable for studying moderately turbid to highly turbid waters [Gagliardini et al., 1984] Stumpf [1988b] and is similar to the technique applied to CZCS data by Gordon et al. [1983] .
Reflectance ( Near-IR radiation is strongly absorbed by water, thereby producing a weak signal when compared to aerosol variations. In addition, the red spectral band is somewhat sensitive to variations in pigment absorption. Thus combining data for the two spectral bands will reduce the effects of pigments while increasing the strength and sensitivity of the signal to suspen- When variable haze patterns lie over the area of interest, the assumption of constant L a can result in spatial distortions in RT or R(),). Aerosol contamination may vary considerably within a scene, therefore a pixel-by-pixel correction would more effectively reduce L•. One solution takes advantage of R(1) being generally much greater than R(2) for water [Stumpf, 1987] . We could obtain an aerosol correction at each pixel through the reflectance difference
where R is found from (3) and A is a constant determined by the aerosol spectral relationship between R(1) and R(2). 
METHODS
Satellite Data Processing
The AVHRR data sets were acquired in digital form on NOAA level lB data tapes (see Kidwell [1986] The coefficients determined from the fit of (2) to the data are shown in Table 2 . The fit of the inverted form of (2), i.e., n s in terms of RT, has a somewhat lower F value (the ratio of explained to residual sums of squares). This results from the increased sensitivity of the inverted form to the tails in the logistic curve. Slight changes in reflectance produce proportionately greater changes, or residuals, in n s in these regions than in the center of the curve.
The coefficients for R T are similar to estimates determined from other methods (Table 3 ). In addition, the estimates of ks* from the reflectance data corresponds to ks* determined solely from the in situ data. The similar ranges of the coefficients from (2) with those determined in other studies supports the argument that the parameters in (2) have a physical meaning. For RD, although the coefficients will have some physical meaning, they may tend to have slightly distorted values as compared with those for R T because R D is similar to but not the same as R(1). As noted earlier, R D is approximately equal to 0.6 R(1), forcing s* to increase relative to bbs* to produce this effect. Here, ks* = 1.3as* + bbs* (based on Philpot [1987] ).
The logistic form of (2) The good fit for these samples indicates that errors for samples collected more than 3.5 hours apart result primarily from the differences in sampling times, not from problems in the model or the remotely sensed data. Hence these estimated concentrations may accurately represent n s at the time of overpass.
The importance of correcting for movement of the sampled water will depend on the amount of movement and the areal variation in the reflectance field. Although, in general, the corrected and uncorrected data sets overlap (Figure 6 ), some uncorrected points fall well away from the bulk of the data.
In particular, at higher ns, the R x values for the uncorrected positions tended to be lower than those for the corrected positions. (Not all samples have both corrected and uncorrected values; the position shift moved some locations either into or away from the narrow upper estuary or from areas obscured by clouds.) This bias could be either negative, as occurred here, or positive, depending on the reflectance field and tidal stage during sampling. In several cases, the movement of turbidity fronts brought clearer water to the position of the ship station before the satellite overpass occurred.
After temporal and translational variability are considered, some discrepancies remain in the 3.5-hour data set. These discrepancies have sources in both the remotely sensed and the in situ data (Table 4) (Figure 7) . Within the pixel-sized segments, the maximum variation from the segment mean ranged from i to 23%. The mean of these variations for all blocks was 7%. The variations from the segment mean could represent the potential discrepancy caused by subpixel variability at a scale of about 300 m. Because of the smoothing effect of the bath, these results would not resolve most variability at scales of <300 m and thereby provide an extremely conservative estimate of the total subpixel variability. Higher-resolution data on beam transmission will provide more detail on the degree of the subpixel and pixel scale.
As much as 50% of the discrepancy between the data sets may result from sources other than the satellite data or algorithm. The atmospheric correction, digitization, and pixel positioning would produce variations of up to 25-40%. Subpixel variability and in situ processing could produce a minimum of another 17%. Errors in identifying the location of the sampled water (either from satellite or at the surface) would produce 0-20%. Therefore even when both data sets are completely error-free and calibrated for sediments of uniform composition, the problems of spatial variability and water movement will still produce potential discrepancies of 10-20% between the two data sets.
Refinement and Applications to Other Estuaries
Using the coefficients presented in this paper, equation (2) can provide an initial estimate of the relative suspended sediment concentration in coastal waters having reflectances between 0.003 (1 mg/L) and 0.04-0.05 (60-100 mg/L). Because small variations in reflectance at higher values will be associated with large variations in ns, these coefficients should not be extrapolated to higher concentrations. Evidence indicates, however, that (2) will apply to concentrations up to at least 200 mg/L when additional calibration data are used [Stumpf,, 1988b] . Since the AVHRR sensors have shown some evidence of a decrease in sensitivity over time and since they require external calibration [Abel et al., 1988] , the coefficients to compute reflectance may have to be modified slightly for NOAA 9 data collected in other years (especially 1985 and early 1986). Equation (2) represents a solution to the radiative transfer equation; this physical, rather than statistical, basis provides a physical reference to the coefficients. In statistically derived models, the coefficients have no physical meaning and so remain unique to the calibration dataset [e.g., Khom•, 1985] . However, the coefficients in (2) can be adjusted for different characteristics of the suspended materials in different areas. In areas where both reflectance and in situ suspended sediment measurements exist, the calculated parameters, b•* and s*, can also provide an indication of similarities or differences in sediment type compared to that of Delaware Bay. An analysis of the parameters for the effects of variations in the relative optical grain size may ultimately be used to assess variations in grain size in estuaries.
The near-daily coverage of the AVHRR increases the probability that an overpass will coincide with some in situ sampling. Thus we may obtain improved calibrations of the remotely sensed data and a better concept of the differences or similarities between many different estuaries. Although the large pixel size limits investigations to estuaries wider than about 3 km, intercalibration with data collected from Landsat, SPOT, and other platforms could occasionally extend measurements into smaller estuaries or permit detection of events covering a small area.
The study of oceanic productivity and global sea surface temperatures has benefitted greatly from the application of physically based atmospheric corrections and models to satellite data. In estuaries, more emphasis should be placed on the same approach: the use of atmospherically corrected reflectances and standardized physical relationships to relate satellite observations to materials in the water. This approach could be used as a means of comparing estuaries and river plumes around the world.
